The environment and genes shape the development, physiology and behaviour of organisms. Many animal species can take-up double-stranded RNA (dsRNA) from the environment. Environmental dsRNA changes gene expression through RNA interference (RNAi). While environmental RNAi is used as a laboratory tool, e.g. in nematodes, planaria and insects, its biological role remains enigmatic. Here we characterise the environmental dsRNA receptor SID-2 to understand the biological function of dsRNA uptake in Caenorhabditis elegans. First we determine that SID-2 localises to the apical membrane and the trans-Golgi-network (TGN) in the intestine, implicating the TGN as a central cellular compartment for environmental dsRNA uptake. We demonstrate that SID-2 is irrelevant for nucleotide uptake from the environment as a nutritional (nitrogen) source. Instead RNA profiling and high-resolution live imaging revealed a new biological function for sid-2 in growth and phenotypic plasticity. Surprisingly, lack of the ability to uptake environmental RNA reduces plasticity of gene expression. Furthermore, using genetic analyses we show that the dsRNA pathway genes sid-2, sid-1 July 5, 2019 1/43 and rde-4 together regulate growth. This work suggest that environmental RNA affects morphology and plasticity through gene regulation. Gathering information about the environment is fundamental for the survival of an 2 individual in an ecosystem. Recent studies show that one class of molecules that 3 provides such information is RNA [1, 2]. Specifically, double-stranded RNA (dsRNA) is 4 able to act in environmental communication by directly modulating gene expression in 5 Caenorhabditis elegans [3, 4]. This process is known as environmental RNAi and further 6 research identified that a number of animal species and fungi are able to do the 7 same [5-10]. More recently, small RNAs were also shown to move between hosts and 8 pathogens as part of an immunity arms race [11-13]. Nevertheless, the biological 9 relevance and extend of RNA communication between organism remains poorly 10 understood. 11 Environmental RNAi is an versatile and successful tool. Experimentalists use it in 12 animals to investigate the function of genes by simply feeding them with bacteria 13 overexpressing dsRNA with the sequence of the gene of interest [14]. Analogous, the 14 method is successfully used for agricultural pest control, where genetically engineered 15 plants express dsRNA with the sequence of an essential genes of the targeted 16 parasite [15]. Delivery of dsRNA via a genetic modified organism (GMO) is efficient, 17 but applications of environmental RNAi are not limited to GMO organisms. The 18 development of non-GMO strategies, like artificial dsRNA nanoparticle sprays as topical 19 antiviral for managing crop health [16] and large scale field application using artificial 20 dsRNA sugar solution as antiviral tool in bee health [17], lay ground for cheaper and 21 accelerated development of artificial dsRNA based applications and potentially an 22 increased release of artificial dsRNA into the environment. 23 How such artificial dsRNA affects the ecology of targeted and non-targeted organism 24 is an ongoing debate [18-22]. One of the great challenges is the identification of 25 plausible pathway to harm, and additional basic research will continue to guide this 26 process [23]. For example, field experiments helped to identify a spontaneous emergence 27 of resistant to environmental RNAi in the target organism most likely due to mutation 28 July 5, 2019 2/43 of genes in the dsRNA uptake pathway [24]. However, the effects of these mutations on 29 development, physiology and behaviour of targeted and non-targeted organism remain 30 uncharacterised. 31 Mutations blocking environmental RNAi have been identified in forward genetic 32 screens in the model organism C. elegans and have led to a mechanistic understanding 33 of artificial dsRNA uptake, transport and processing [25]. One such mutant defined an 34 intestinal dsRNA receptor called Systemic RNA Interference Defective-2 (SID-2) is 35 essential for the uptake of artificial dsRNA [26]. Biochemical studies showed it is able to 36 mediate the uptake of dsRNA and single stranded RNA forming only partial dsRNA 37 structures in form of hairpins, but not the chemically similar DNA [27]. In addition, the 38 entry of dsRNA is mediated by the endocytosis pathway as indicated by fluorescently 39 labelled dsRNA soaking experiment in Drosophila tissue culture cells [28]. After the 40 endocytosis of the dsRNA, a dsRNA transporter called SID-1 releases the dsRNA into 41 the cytoplasm [29-31], where the dsRNA binding protein RDE-4 binds it [32]. RDE-4 42 together with the RNase III Dicer processes the dsRNA into small RNA duplexes, of 43 which one strand is loaded into an Argonaute protein [33, 34]. The Argonaute small 44 RNA complex interacts with complementary RNA sequences and mediates translational 45 regulation and target RNA degradation [35-41]. In addition, they trigger the 46 production of secondary small RNAs by RNA-dependent RNA polymerases (RdRPs), 47 which amplify the gene-regulatory function [42-44]. Furthermore, the gene-regulatory 48 effects can be inherited and last for several generations [45-48]. By this mechanism, 49 artificial dsRNA can regulate gene expression and shape the phenotypic outcome over 50 multiple generations. 51 Naturally occurring dsRNA has the potential to use the environmental RNAi 52 pathway to alter phenotype. Within an organism, natural dsRNA can be synthesised 53 during viral replication [49] and dsRNA with high sequence diversity is generated in 54 many organisms, including C. elegans [50] and E. Coli [51], from their own genome 55 most likely via anti-sense transcription [52-55]. Sequencing methods detected dsRNA 56 with rich sequence diversity in microbial communities and water samples [56-60] 57
the sid-2 mutants behave similarly, therefore we combined the individual sid-2 mutant 174 transcriptomes to gain additional statistical power in differential expression analysis 175 against the wild-type embryo transcriptomes. In this analysis, we identified 935 176 significantly differentially expressed genes (FDR <0.01) in sid-2 mutant embryo transcriptome ( Fig 3A) . In a summarising gene ontology enrichment analysis [68] , a significant overlap was found with genes functions like structural constituents of the Table) , was slower in wild-type animals than in sid-2 mutants ( Fig 3C) , suggesting that 196 the present of SID-2 slows development perhaps do to dsRNA uptake.
197
From the same individuales the ex-utero development time and the time from 198 hatching until the first egg was laid were collected (S3 Table) . Together with the three 199 estimated parameters from the logistic function (logistic max, logistic rate, logistic 200 shift), we constructed a phenotypic space. To explore this space, we displayed the 201 phenotypic space in two dimensions using all three combinations of the first, second and 202 third principle components ( Fig 3D, S4A and B Fig) . We observed that the data points 203 of wild-type animals had a wider spread compared to sid-2 mutant animals ( Fig 3D) 204 indicating that wild-type animals are more variant that sid-2 mutant animals (S3 205   Table) . To test if the phenotypic plasticity of sid-2 mutants was different from wild-type 206 animals, we performed a statistical analysis testing for equality of the variation of the 207 projection phenotypic data on the first four principle components containing more than 208 99% if the variance comparing sid-2 mutant and wild-type animals (Box's M tests p 209 <0.0016). This results suggest that SID-2 increases phenotypic plasticity. To understand at what stages of development SID-2 may affect growth and phenotypic 212 plasticity, western blot analysis was performed throughout development. The specificity 213 of the SID-2 antibody was tested by comparing wild-type adults and sid-2(qt142) null 214 mutant adults (S5A Fig) . SID-2's predicted molecular weight is 33 kDa, however bands 215 were detected at ≈ 40 kDa and at ≈ 20 kDa that were absent in sid-2 mutants. At ≈ 216 40 kDa two bands were detected indicating that two isoforms of SID-2 exist, potentially 217 with different post-translational modifications (e.g. glycosylation, a modification placed 218 in the Golgi [70] ). The smallest band at ≈ 20 kDA is potentially a degradation product 219 of full length SID-2. The band observed at ≈ 60 kDa was detected as well in sid-2 220 mutants, and therefore likely result from non-specific binding to the SID-2 antibody. Next we assessed the effect of sid-2 mutation on endogenous small RNA populations. 226 We performed RNA sequencing of primary and secondary siRNAs of wild-type and sid-2 227 L4 animals. Loss of SID-2 has a significant effect on both populations (S6A Fig) . We 228 hypothesise that this is due to competition with environmental RNA in the wild type. 229
To identify a potential exogenous RNA responsible for the sid-2 phenotype, we 230 sequenced long and short RNA of wild-type and sid-2 L4 animals. We then compared 231 the amount of E. coli derived reads from wild-type and sid-2 mutant animals. No 232 significant difference in the total amount of bacteria-derived RNA was detected (S6B 233 Fig) . Next, we asked if sid-2 is required for the uptake of a specific transcript. Using 234 differential expression analysis we were unable to identify E. coli transcripts that were 235 significantly lower in abundance in sid-2 mutants than in wild-type animals (S6C Fig) . 236 Together these experiments indicate that, we were unable to identify a potential 237 causative environmental RNA, suggesting that body length could be regulated by 238 dsRNA that is undetectable by the current sequencing method or alternatively by a 239 mechanism unrelated to dsRNA.
C. elegans growth is affected by a genetic pathway including the dsRNA interacting genes sid-2, sid-1 and rde-4 242 To further investigate the involvement of dsRNA in the regulation of growth and 243 phenotypic plasticity, we hypothesised that mutations in downstream dsRNA transport 244 and dsRNA processing genes may cause similar morphological changes. Due to the low 245 throughput of the life time image analysis platform, we decided to measure L1 length at 246 hatching as a proxy for growth, allowing us to measure more individuals and more 247 genotypes in less time. We tested if sid-2 affected the morphology of freshly hatched Next, we wanted to know if the changes in morphology are caused by dsRNA, 258 therefore we performed the length measurement in additional mutants also deficient in 259 dsRNA transport (sid-1 ) and dsRNA processing (RNAi DEfective-4 (rde-4 )). For both 260 sid-1 and rde-4 mutant animals, body length at hatching was significantly longer 261 compared to wild-type animals and similar to sid-2 mutant animals ( Fig 4A green 262 highlighted area). We performed an epistasis assay to determine if the effects on body 263 length of sid-2, sid-1 and rde-4 mutants are due to the same genetic pathway and did 264 not observe an additive effect ( Fig 4A green highlighted area) suggesting that the three 265 dsRNA interacting genes form one genetic pathway to alter length. 266 To further support the involvement for a dsRNA in the body length, we performed 267 the length measurement in C. briggsae wild-type animals and compared them to 268 C. briggsae sid-2 mutants animals. The body length did not differ between wild-type 269 and C. briggsae sid-2 mutant animals ( Fig 4B) showing that sid-2 does not regulate Mathematical modelling of gene networks and gene expression analysis of E. coli 289 mutants reported that most, and perhaps all, mutation increase phenotypic plasticity 290 when functionally compromised [72] . Further, experiments in the multicellular 291 organisms C. elegans showed that mutations in individual components of a small 292 gene-network lead as well to increase plasticity in gene expression and different 293 phenotypic outcome [73] . Contrary to what theory and experimental data predict, we 294 show that mutations in sid-2 reduce surprisingly the phenotypic plasticity indicating 295 that sid-2 is one of the biological exception increasing phenotypic plasticity. Therefore, 296
understanding the mechanism how sid-2 reduces the phenotypic plasticity could uncover 297 unique insides into biology. involved in dsRNA processing [26, 27, 29, 32, 74, 75] , we speculate that naturally 306 occurring dsRNA is transported and processed by these proteins to regulate growth.
307
Furthermore, due to the localisation of SID-2 in the apical intestine membrane we 308 suspect, that dsRNA from the environment is regulating growth (Fig. 5 ). determining on how a more natural environment shapes C. elegans through RNA. We 333 expect that such RNA-based interactions will be of broad relevance in many species.
Origin of potentially exogenous dsRNA

Methods
Nematode culture and strains 336 C. elegans was grown under standard conditions at 20°C. Bristol N2 was used as 337 wild-type strain [71] . The E. coli strain HB101 [supE44 hsdS20(rB-mB-) recA13 ara-14 338
proA2 lacY1 galK2 rpsL20 xyl- Intestines of one day-old adult animals were dissected and fixed for ten minutes with 1% 366 formaldehyde and freeze cracked on poly-lysine coated microscope slides. Dissected TBST-T for 10 minutes, secondary antibody diluted in milk/TBS-T was added and 410 membranes were incubated for one to two hours at room temperature. After 3 washes in 411 TBS-T, bands were detected by using Immobilon Western Chemi-luminescent HRP was calculated using the time adults were moved to HB101 plate and the time of 
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